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Introduction
Over a period of several decades, Emigration Canyon, near Salt Lake City, Utah, has been developed as a residential area. Since 1980, the population in the canyon has doubled (Jensen and others, 2003). More than 440 out of 1,136 registered building lots have been developed. Despite this development, the canyon remains without a sewer system, and wastewater is disposed into septic systems. To identify reaches of the stream that may contribute to water-quality degradation, the U.S. Geological Survey, in cooperation with the Salt Lake County Department of Public Works, Engineering Division, conducted a tracer-injection and synoptic-sampling study with the purpose of quantifying the mass loading of major ions, trace elements, nitrate, and Escherichia coli (E. coli) to the stream. Tracer-injection studies have been used to provide a watershed context for the quantification of metal loads from abandoned and inactive mines (Kimball and others, 2002) , but these methods can be applied to other constituent loads like those of nitrate and E. coli.
Some limited water-quality comparisons have been reported between Emigration Creek and Red Butte Creek (Giddings, 2000; Willden, 2006) . Concentrations of chloride, dissolved phosphorus, and nitrate plus nitrite all were higher in Emigration Creek than in Red Butte Creek, and concentrations generally were higher in the lower reaches of the creek than in the upper reaches. High counts of coliform bacteria in the stream water of Emigration Canyon have been reported in a Salt Lake County study (Jensen and others, 2003) . Possible sources include the septic systems throughout the canyon, as well as waste from livestock and pets. Temporal data indicate that the counts of E. coli could be increasing with continued development, and thus, the water quality poses concern for human health (Jensen and others, 2003) . Basic information must be obtained to formulate a plan to address the water-quality concerns. First, it is necessary to determine the location and magnitude of nitrate and E. coli loading to the creek. Second, it is necessary to distinguish whether the high concentrations of nitrate and E. coli result from human or animal waste. Finally, the general patterns of major-ion and trace-element loading are needed to distinguish anthropogenic from geologic sources of loading.
Purpose and Scope
This report (1) determines the principal locations and amount of loading of nitrate, E. coli, and other constituents to Emigration Creek along the study reach under the given conditions and season, and (2) determines and interprets the isotopic signature of nitrogen in the stream with respect to other studies of stable nitrogen isotopes in human and animal waste. Mass-loading and isotopic data collected during the spatially detailed study will provide information for science-based decisions about improving the water quality of Emigration Creek, for understanding the possible risk to human health posed by input from septic systems, and for understanding the degradation of water quality in Emigration Creek.
Description of Study Area
Emigration Canyon is east of Salt Lake City, Utah ( fig. 1) , and Emigration Creek eventually discharges to the Jordan River, which discharges to Great Salt Lake. With construction, conditions in the canyon can change. Thus, the conditions present at the time of the study are described here. Synoptic sampling began upstream from all the homes in Killyon Canyon. This allowed samples to reflect the upstream conditions and to include discharge from Burr Fork, the first major tributary. New homes are located throughout the canyon, but the majority of new housing developments are situated on the north side of the canyon between Brigham Fork and Pioneer Fork ( fig. 2a) . This area mostly drains to Brigham Fork, Freeze Creek, and Pioneer Fork. Some new homes also have been built to the south of Emigration Creek in the vicinity of Perkins Flat. Along most of the stream, homes are relatively old ( fig. 2b) , although newer homes have been built among the older homes ( fig. 2c ). Perkins Flat ( fig. 2e ) is an area that has been preserved as green space. At the lower end of Perkins Flat is the development of Camp Kostopolos, which contains horse stables. Most of the homes downstream from Rattlesnake Point to near Rattlesnake Hollow are relatively old. At the time of the study, a reservoir in Rotary Park was drained ( fig. 2d) . On the day of synoptic sampling, heavy equipment was being used in that area and large amounts of sediment were being added to the stream. Because this affected the concentrations of almost all constituents, the samples collected from 10,910 to 11,174 m are not included in the discussion of this study.
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Methods and Approach
The mass-loading approach used here addresses the problem of solute source determination (Kimball and others, 2002) . The approach is based on two well-established techniques: the tracer-dilution method (Kilpatrick and Cobb, 1985) and synoptic sampling (Bencala and McKnight, 1987) . The tracer-dilution method provides estimates of stream discharge that are in turn used to quantify the amount of water entering the stream in a given stream segment through tributary and ground-water inflow. Synoptic sampling of stream and inflow chemistry provides a spatially detailed 'snapshot' of water quality in the stream and the inflows that influence changes in the stream. When used together, these techniques provide a description of a watershed that includes both discharge and concentration that may then be used to determine mass loading of chemical constituents and E. coli associated with various sources of surface and ground water. The resulting longitudinal loading profiles can help distinguish anthropogenic contributions to Emigration Creek.
This study was undertaken during low-flow conditions in October 2005 because low-flow conditions provide the best opportunity to detect small contributions of ground water to the stream. These potential ground-water contributions most likely vary throughout the day as domestic water use varies. The amount of constituent loading from this study may not represent a load that can be used to engineer a remediation solution, but the pattern of loading should help guide further investigation. Typically, the entire study reach is evaluated to identify all the inflows and to choose stream sampling sites to bracket the inflows, enabling mass-balance calculations. Because of thick vegetation and problems with access to private property in a heavily populated area, the entire study reach in Emigration Canyon was not available for sampling. In the sections that were not available, stream sampling sites were located about 160 m apart at locations that had access from the road. This design resulted in fewer inflow samples than are normally collected for a synoptic sampling such that the study must rely on instream changes to evaluate the effects of inflows.
A downstream metric, with the injection point being 0 m, provided an ordinate for the study and for future computer simulation studies that might be conducted to better understand loading and geochemical reactions (Kimball and others, 2003; Runkel and Kimball, 2002; Runkel and others, 2007) . Downstream distances were determined marking detailed waypoints to represent the path of the stream by using a handheld receiver using the Global Positioning System and summing the point-to-point Euclidian distances. This procedure involved many more waypoints than just the sampling site locations. Each stream sampling site represents the downstream end of a stream segment, and the stream segments divide the watershed into increments to account for changes in loads. At this level of spatial detail, changes in stream chemistry and discharge between stream sampling sites reflect a net change in load for each segment. Specific sources that are responsible for the loading within specific stream segments, however, cannot always be identified at this stream reach scale.
Tracer Injections and Stream Discharge
Tracer-injection methods have been used in numerous catchments throughout the Rocky Mountain region, and the tracer-injection and discharge methods used in this study are the same as those described in the report for Questa, New Mexico (Kimball and others, 2006) . Sodium bromide was injected as the tracer 375 m upstream from Burr Fork ( fig. 1 ). The injection began at 12:40 on October 10, 2005, but the injection pump stopped at 19:22 that evening. The pump was restarted at 8:23 on October 11, 2006, and functioned well throughout the remaining injection period. Samples of the injectate solution were collected several times throughout the injection period to measure the injection rate and injectate concentration. These samples indicated a reasonably uniform mass flux of sodium bromide to the stream, with the median injection rate of 90 mL/ min and the median injectate concentration of 174,850 mg/L as bromide. The variation of bromide in the stream with time was followed at four "transport" sites along the study reach ( fig.  3 ). This temporal view only shows the tracer concentration history for the period after the pumps were started the second time. For the T4 site, the bromide concentration had not gone back down to background levels before the increase started again ( fig. 3 ). Vertical lines indicate the period of synoptic sampling, and the bromide concentration of the corresponding synoptic samples at each transport site also are indicated. A plateau condition of bromide had been achieved at transport sites T1 and T2 and was achieved by the latter part of synoptic sampling at T3 ( fig. 3 ). Bromide concentration at site T4 clearly had not reached a plateau.
To account for the lack of a plateau, a sampling sweep of stream sites was made at the end of the synoptic sampling period to get a bromide concentration profile closer to a plateau condition. The bromide profile used for calculating discharge was a combination of results from the synoptic sampling at upstream sites and the bromide sweep at downstream sites ( fig. 4) . During the tracer injection, injected bromide concentrations were substantially higher than ambient background concentrations ( fig.  4 ). With only eight inflow samples (the sample near 1,600 m is a domestic well), there were few values of C I (see equation 1), and all but one inflow sample had a bromide concentration less than the method detection limit of 0.20 mg/L bromide. A value of 0.2 mg/L was used for the background bromide concentration in discharge calculations.
Discharge was estimated by using an areavelocity measurement at 4,007 m, which was considered the best of those measurements made during the synoptic sampling. From 4,007 to 5,112 m, discharge was calculated by using the dilution of the bromide tracer according to the equation: Discharge of inflows was assigned as the difference in discharge between the downstream and upstream stream sites around the particular inflow:
DISTANCE ALONG STUDY REACH, IN METERS
where Q I is the inflow discharge, in L/s, and Q B and Q A are defined in equation 1.
Dilution by an inflow can arise in several ways. If no visible inflow occurs in a stream segment, the change in stream discharge comes from dispersed, subsurface inflow. If a tributary inflow occurs, the change includes both the surfacewater tributary inflow and any dispersed, subsurface inflow that is associated with the tributary or with other sources of subsurface inflow. Individual measurements of tributary surface-water inflow were not made.
Additional information on the application of tracerdilution for mass-loading studies is published elsewhere (Kimball and others, 2002; Kimball and others, 2000) . At higher concentrations than were used in this study, bromide has been shown to be toxic (Flury and Papritz, 1993) , but no effects have been identified at these lower instream concentrations.
Synoptic Sampling and Analytical Methods
The spatial distribution of nitrate and E. coli sources may be characterized by synoptic sampling. Under ideal conditions, samples at all of the sampling locations would be collected simultaneously, providing an instantaneous description of stream-water quality along the study reach. Personnel limitations generally preclude simultaneous sample collection, but samples were collected over an 8.5-hour period to minimize the effect of transient conditions such as diurnal discharge variations.
Stream and inflow sampling sites were chosen during a reconnaissance of the stream reach. Stream sampling sites defined 53 stream segments along Emigration Creek. These segments are referenced by the upstream and downstream distances at the beginning and end of the segment. For example, the segment from 314 to 426 m includes the inflow of Burr Fork at 375 m ( Although synoptic sampling typically goes from downstream to upstream to prevent sampling of colloidal material from the streambed, the order was reversed for Emigration Creek for two reasons. First, access to the stream sampling sites was mostly from the road, and so sampling did not stir up the streambed by walking downstream. Second, the long study reach and slow travel time along the reach ensured that the sampling could stay ahead of any effects from sampling at upstream sites. Inflow and stream sites that were considered well mixed were sampled by using grab techniques. Water temperature was measured on site, and water samples were transported to a central location for further processing. Samples were divided into several 125-mL bottles with different treatments at the central processing location: a raw (unfiltered) unacidified sample (RU), a raw acidified sample (RA), a filtered unacidified sample (FU), and a filtered acidified sample (FA).
Specific conductance and pH were determined from the RU sample within hours of sample collection. In-line 0.45-μm capsule filters were used to obtain the FU and FA samples. Metal concentrations for the RA and FA treatments were determined by inductively coupled plasma-atomic emission spectrometry-mass spectrometry at the University of Southern Mississippi (Lichte and others, 1987) . Anion concentrations were determined from FU samples by using ion chromatography (Brinton and others, 1996; Kimball and others, 1999) , and total alkalinity was determined by titration from the FU sample at the U.S. Geological Survey Utah Water Science Center.
Use of both filtered and unfiltered treatments provides two operationally defined concentrations for each metal. Metal concentration from the unfiltered sample (RA) is a measure of the total-recoverable concentration (dissolved plus colloidal) and the filtered concentration (FA) is an operational measure of the dissolved metal concentration. Colloidal metal concentrations are defined operationally for this study as the difference between the total-recoverable (RA) and the filtered metal concentrations (FA) for stream samples (Kimball and others, 1995) .
Constituent Loads
Mass load was calculated for each stream sampling site along the study reach as: dissolved plus colloidal) constitute the basic data from the mass-loading study. For each stream segment, the change in load between a pair of stream sites accounts for the gain or loss of constituent load for that segment. The change in load for the segment starting at location A and ending at location B is: is the cumulative instream load. At the end of the study reach, the cumulative instream load is the best estimate of the total load added to the stream but is likely a minimum estimate because it only measures the net loading between sites and does not account for metal loads added to and then lost from the water column within individual stream segments. Although few inflows were sampled in this study, the loads they represent can be evaluated by calculation of an inflow load:
where ΔM I is the load attributed to the inflow, I, in kg/ day, C I is the inflow concentration, in mg/L, and Q B , Q A , and 0.0864 are defined in equations 1 and 3.
This calculated inflow load assumes that the actual volumeweighted inflow concentration is adequately represented by the sampled inflow concentration. The inflow load, however, often varies from the calculated value of ΔM S for the stream segment containing the inflow. If ΔM S is greater than ΔM I , an unsampled inflow load is calculated:
where ΔM U is unsampled inflow load, in kg/day, and ΔM S and ΔM I are defined in equations 4 and 5.
In considering estimates of stream discharge and metal concentration at each stream site, it is possible to predict an error for the change in load along a stream segment. The error is determined by the precision of both discharge and chemical measurements (Taylor, 1997) , according to the equation (McKinnon, 2002) :
where ΔC A is the concentration error at site A, in mg/L, ΔQ A is the discharge error at site A, in L/s, and Q A , C A , and 0.0864 are defined in equation 3.
The value of ΔC A is based on the single operator precision (Friedman and Erdmann, 1982) , calculated from repeated analysis of reference samples collected at transport sites to cover the range in concentration. The value of ΔQ A is based on the variation of the tracer concentration at the transport sites, where hourly samples were collected during the period of synoptic sampling. This results in an estimate of variation as a function of discharge so that a value can be calculated for each stream site. Load error is calculated for the upstream sampling site of each stream segment and compared to the change in load for the stream segment, ΔM S . If the absolute value of ΔM S is greater than the load error, then there has been a significant change in load. Only the values of ΔM S that are greater than the load error are included in the longitudinal profiles of cumulative instream load.
Cluster Analysis
An important objective of synoptic sampling is to recognize patterns or chemical characteristics among samples that can indicate the various sources of solutes. As water interacts with different mineral assemblages or is affected by domestic uses, it obtains a distinct chemical signature. A method of cluster analysis called partitioning around medoids was used to evaluate distinctions among the samples (Kaufman and Rousseeuw, 1990) . The method operates on a dissimilarity index by choosing the number of representative objects (medoids) specified by the user. Then the Euclidian distance between samples is used as a measure of similarity, and each sample is assigned to the cluster of the nearest medoid. Selection of the number of groups for inflows and stream sites was guided by the ability to explain a grouping in terms of geologic, hydrologic, or geochemical information. Clusters that represented small portions of the total variance and that could not be explained in relatively simple physical or chemical terms were not included.
Concentrations were standardized for the cluster analysis to give an equal weighting to major and trace elements. The differences between dissolved and total-recoverable concentrations were small for most constituents (see "Chemical Characterization of Synoptic Samples" section of this report); therefore, dissolved concentrations were used in the cluster analysis. Too few inflow samples were collected to allow a meaningful analysis of inflows, so the cluster analysis was done only for stream samples.
Field-Scale Experiment
The field-scale experiment provided estimates of discharge, a chemical characterization of the stream and a limited number of inflows, loading profiles for many constituents, and an indication of changes in nitrogen isotopes.
Discharge
The hydrologic setting of the field experiment is established by using a tracer injection to estimate a detailed spatial profile of stream discharge. During the study, discharge increased along Emigration Creek from 6.2 L/s at the injection site to a maximum of 46 L/s at the end of the study reach ( (Bryant, 1990 ). The limestone is highly fractured, suggesting that water could be moving into the formation. Downstream from 10,024 m there was a substantial gain in discharge. In the segment containing the Emigration Tunnel Spring, from 10,160 to 10,352 m, discharge increased by 5.1 L/s. Although most of the water from the Emigration Tunnel Spring is piped to the Salt Lake City water supply, a pipe at 10,175 m discharges excess water from the tunnel to the stream. From 10,352 to 10,626 m, Emigration Creek flows through a culvert. Discharge increased by 7.3 L/s in that segment. Wagner Spring, at 10,541 m, which is cased on the north side of the road and piped to the stream, is the likely source of that increase. Discharge increased by 7.6 L/s downstream from the culvert where two unnamed springs were sampled, and discharge increased by 7.1 L/s in the last stream segment. Samples were collected at the T4 site (10,352 m) for an extra 4 days ( fig. 3 ). Although these gains in discharge from 10,160 m to the end of the study reach occurred, the values of discharge are less quantitative than values upstream from 8,092 m.
Chemical Characterization of Synoptic Samples
Results of chemical analyses for all of the synoptic samples are listed for major ions (table 2, at back of report) and for trace elements (table 3, at back of report). For stream samples the data include the analysis for the filtered samples (FA and FU) and the total-recoverable sample (RA). For some inflow samples only the FA treatment was analyzed because the RA treatment may have been contaminated with mud during sample collection. Inflow samples with both FA and RA concentrations generally were free flowing to the stream, and not bailed from pits. Colloidal concentrations that are plotted in figures and used in the loading calculations were calculated for stream samples from the difference between the RA and the FA concentrations. The FA concentration was greater than the RA concentration for some samples, but the two concentrations always were within analytical precision. When this occurred, the FA concentration was used for both the filtered and total-recoverable concentrations and the colloidal concentration was considered less than detection.
Precision and method detection limits (MDL) are provided in table 4. Variation from sampling and chemical analysis must be sufficiently low to allow the observation of environmental change. Both analytical and sampling variability are included in the coefficient of variation in this report (Davis, 2002) . Stream standard reference samples and sampling replicates were collected at the transport sites along the study reach (locations provided in table 1). These samples, along with certified standard reference samples, represented the range of concentrations for each constituent and were analyzed at regular intervals throughout the analytical work (Kimball and others, 1999) . For each stream and certified reference sample, both the mean and the coefficient of variation (CV) were calculated for each constituent, and all the values were combined to calculate a power equation expressing CV as a function of the mean concentration. This is similar to the single operator precision of Friedman and Erdman (1982) but also includes the sampling variability. Thus, for an individual sample, precision is calculated by using the power equation:
where CV is precision calculated as the coefficient of variation for a reference sample, a is the empirical coefficient from regression, b is the empirical exponent from regression, and
This form for the calculation fits the data better than a linear regression because, in general, the CV increases at lower concentrations in a non-linear pattern. This power equation was used to calculate the ΔC term in the load error calculation (see equation 8), where ΔC was the indicated percentage of the measured concentration for the given sample.
Major Ions
Synoptic sampling along Emigration Creek provided detailed spatial information about chemical changes in the stream that were classified into six groups. The groups generally followed an upstream to downstream sequence (fig. 5). The samples farthest upstream in Killyon Canyon were a calcium bicarbonate type water ( fig. 5a and b) , which is typical of water influenced by the weathering of limestone and sandstone that crop out in the headwaters (Bryant, 1990) . Concentrations of most constituents were relatively low among the four samples of this group (table 5) . A change occurred as Burr Fork contributed magnesium, sodium, chloride ( fig. 5c ), and sulfate ( fig. 5d ), and this group of samples continued downstream to Blacksmith Hollow. The sodium to chloride mole ratio almost went to a value of 1 ( fig. 5c ), indicating a common source of those constituents. No geologic source of sodium chloride is present in the canyon, but halite is used to melt snow on the roads during the winter and could be a likely source. The ratio of sodium to chloride gradually decreased to less than 1 downstream from Freeze Creek, indicating that an additional source of chloride is present ( fig. 5c) fig. 5a and b) . One cause of this decrease could be the precipitation of calcite to the streambed, which might be favored as the stream entered this area where the Twin Creek Limestone crops out. Calculations using WATEQ4F (Ball and Nordstrom, 1991) indicate that samples of stream water were supersaturated along the entire study reach with respect to the calcite equilibrium constant used in WATEQ4F. In this section where concentrations of calcium and alkalinity decreased, the state of saturation was relatively greater, which would be consistent with calcite precipitation.
Finally, the chemical character of stream water changed substantially downstream from the culvert from 10,352 to 10,626 m ( fig. 5d ). Concentrations of calcium and sulfate increased, but concentrations of sodium, chloride, and silica decreased. Each of these changes near the end of the study reach closely reflects the chemistry of four inflows. Among these four springs, the Emigration Tunnel Spring (10,175 m) and an unnamed spring at 10,883 m, within the drained reservoir of Rotary Park, were on the south side of the canyon and were similar. Wagner Spring and an unnamed spring at 10,633 m were on the north side of the canyon and were similar to each other, but different from the springs on the south side of the stream (fig. 5) .
The pattern of sulfate concentration differed from that of all the other major ions. Sulfate concentration increased downstream from Burr Fork, but then remained essentially (table 3) exceed water-quality standards, but they are very useful for interpretation because of their indications of domestic water use. Three patterns of trace-element concentration are indicated by the variation of lithium, strontium, manganese, and chromium along the study reach. Patterns of lithium ( fig.  6a ) and strontium ( fig. 6b ) are similar to patterns of most of the major ions. Lithium, however, has no likely geologic source in Emigration Canyon and probably results from its use in lubricants, alloys, batteries, and possibly medication (Winter, 1993) . In the Boulder Creek watershed of the Colorado front range, lithium was identified as an indicator of anthropogenic input, possibly related to the medicinal uses of lithium carbonate (Barber and others, 2006) . Lithium concentration doubled in the stream reach beginning one site upstream from Brigham Fork to Blacksmith Hollow ( fig. 6a ), indicating input from anthropogenic sources. This increase corresponds to a substantial increase in discharge ( fig. 4) . Strontium, unlike lithium, does have a natural source from the weathering of limestone, and the variation of strontium indicates a non-anthropogenic pattern (fig. 6b) . The substantial increase in strontium concentration in the area of the fault in Perkins Flat is similar to the increase in alkalinity ( fig. 5b ) and suggests that water entering the stream from the fault likely contains products resulting from weathering, rather than products resulting from anthropogenic input.
Concentrations of manganese ( fig. 6c ) and chromium ( fig. 6d ) represent completely different patterns. Manganese concentration had maxima along the study reach at 982, 5,112, 6,939, and 10,910 m. Iron concentration had the same pattern suggesting a common source, but the exact source is not clear. At the high pH of Emigration Creek, both manganese and iron tend to be removed from the stream through the formation and settling of colloidal solids (Kimball and others, 2001) . As these solids become buried in the streambed, reducing conditions could cause the dissolution of the solids. The increases in iron and manganese could be from such dissolved concentrations re-entering the stream or even from the discharge of reduced ground water to the stream at the particular areas suggested by the maxima of manganese concentration in figure 6c . consistent with the release of manganese by a reducing zone. Relatively high manganese concentrations occurred in samples from the inflow at 10,883 m and from the last two stream sites at 10,910 and 11,174 m ( fig. 6c ). The high concentrations at the last two stream sites most likely are the result of reservoir construction on the day of the synoptic sampling.
The pattern of chromium concentration differs from all the other trace-element patterns ( fig. 6d ). It is characterized by a substantial increase downstream from Burr Fork; then a steady decline to 8,440 m, which is downstream from Rattlesnake Point; and finally another substantial increase at 8,663 m. At both locations where chromium concentration increased, the substantial increase was likely anthropogenic. Such sources could include chrome plating, hardened steel, oxidizing agent, or yellow paint pigment (Winter, 1993) .
Nitrate, Nitrogen Isotopes, and E. coli
Nitrate concentration varied between <0.01 and 0.83 mg/L along the study reach, with the higher concentrations occurring at three locations ( fig. 7a) . First, the stream sample at 4,189 m had a value of 0.15 mg/L, but values upstream and downstream from there were only 0.01 mg/L, which is near the lower detection limit. Second, instream nitrate increased to 0.08 mg/L at 6,274 and 6,449 m, which is the location of the fault in Perkins Flat. Fault discharge would not be related to anthropogenic sources ( fig. 7b) . Downstream from that increase, nitrate concentrations gradually decreased back to the limit of detection.
Differences in the ratios of stable isotopes of nitrogen can result from physical, chemical, and biological processes. These differences have been used to identify and distinguish sources of nitrogen in catchments (Kendall, 1998 (Kendall, 1998) , and only the sample from Burr Fork (375 m) was in the range suggested for animal waste. Results for stream samples ranged from 6.43 to 14.12 permil, and only two samples collected at the end of the study reach had ratios of less than 8 permil, the upper limit suggested for septic systems. Stream samples fall into three groups based on δ 15 N. A first group, between Brigham Fork and Blacksmith Hollow, progressively increased from 12.8 to 14.12 permil. A second group from 5,554 to 8,663 m also progressively increased from 10.63 to 13.09 permil. This pattern from light to heavy isotope ratios could result from an inflow of lighter nitrogen from septic systems, followed by a progressive inflow of heavier nitrogen that could represent the catchment background more reflective of animal and plant nitrogen. Values also decreased in the area from 7,651 to 8,440 m, perhaps indicating additional anthropogenic or septic input. Thus, the nitrogen isotopes could be consistent with the influence of septic nitrogen, but these values do not give definitive evidence of that influence. A more extensive sampling that might include so called "emerging contaminants" could be useful to verify this pattern (Barber and others, 2006) .
Concentrations of E. coli and total coliform were obtained at the time of the synoptic sampling by researchers from the University of Utah (fig.  8) fig. 7b) , and thus the relative increases in E. coli could be consistent with the input of septic nitrogen.
Data from Willden (2006) on E. coli concentrations include seasonal variation for the months of June through September. All but one of the sampling sites in that study exceeded water-quality standards for E. coli. Concentrations were substantially higher in July and August, the warmest months, than in September. Relatively lower concentrations might be expected from these synoptic samples in October because of lower temperatures, fewer daylight hours, and less hiking traffic.
Quantification of Mass Loading
Mass-loading profiles provide a framework, or hydrologic context, to discuss the changes in the chemical character of stream water that result from physical, chemical, and biological processes on the catchment scale. Because the absolute value of loading can vary over orders of magnitude for different constituents, comparison among the solutes and recognition of patterns is easiest using a normalized cumulative instream load. The normalization for each constituent is accomplished by dividing the cumulative sum at each point along the study reach by the cumulative sum at the end (10,626 m, not 11,174 m), resulting in values from 0 to 1. Comparison of normalized profiles indicates common locations where loading occurs ( fig. 9 ). Distinctions among profiles characterize three groups, although many constituents have some of the distinctions of each group. The first group includes most of the major ions and some trace elements ( fig. 9a ). The general characteristics of the loading for these constituents include the substantial loading at Burr Fork and Brigham Fork, a gradual loading from Brigham Fork to the fault in Perkins Flat, and then 10 to 20 percent of the loading from the Emigration Tunnel to the culvert at 10,626 m. The second group includes sulfate, chromium, copper, lithium, and strontium ( fig.  9b) . Although loading at Burr Fork and Brigham Fork also was important for these constituents, it was not as great as for the first group. Loading at the end of the study reach was greater for these constituents than for the first group. The third group includes aluminum, iron, and manganese ( fig. 9c ). The major characteristic of these constituents is the substantial loading near the fault in Perkins Flat.
Loading Pattern of Major Ions and Selected Trace Elements
The loading profile of calcium represents the first group of loading patterns ( fig. 10a) In this, and subsequent loading figures for metals, the total instream load is divided into the dissolved and colloidal instream loads. For calcium the total is essentially equal to the dissolved instream load ( fig.  10a ). Unlike the normalized cumulative instream load in figure 9a, these instream loads indicate both increases and decreases in loading along the study reach. The cumulative instream load has the same pattern as the normalized version in figure 9a , but shows the actual load in kilograms per day. Calcium loading principally occurred at Burr Fork (314 to 426 m), Brigham Fork (2,500 to 2,719 m), and two stream segments downstream from the Emigration Tunnel Spring (10,160 through 10,626 m). The relative height of the bars in figure 10b and in subsequent figures illustrates the relative magnitude of loading from each of the stream segments. These last two segments indicate more qualitative than quantitative results. Loading from Burr and Brigham Forks likely resulted from weathering of bedrock for the major ion constituents, but also could reflect some septic input (see lithium discussion below). A gradual increase in calcium load occurred between 3,250 and 5,409 m, a reach that includes Freeze Creek, Maple Grove, and Blacksmith Hollow. The concentration of all of these constituents, except magnesium, increased between 6,136 and 6,274 m in a stream segment that is near a fault that crosses Perkins Flat ( fig. 1) . Discharge from the fault might account for the increase in load, particularly for these major ions. Although the patterns of normalized cumulative instream load ( fig. 9a) do not indicate where load may decrease, most of these constituents had a decrease in load between 7,931 and 10,024 m, similar to the decrease illustrated for calcium ( fig. 10 ). For calcium and alkalinity, some of this decrease likely resulted from precipitation of carbonate minerals from the water column, but the greatest part of the decrease was from the loss of water along that particular reach.
The pattern of lithium load had an important difference from that of calcium ( fig. 11) . The difference was the important, gradual increase in load in the reach from Brigham Fork to the stream site upstream from the fault in Perkins Flat. The gradual increase of lithium load in this section indicates that the increase had anthropogenic contribution because this is a reach of the stream with many homes and because lithium has no geologic source in the canyon. The similarity between lithium and calcium loading at Burr Fork and Brigham Fork also could be an indication of anthropogenic input. For both constituents, Burr Fork and Brigham Fork were the greatest sources of loading (figs. 10b and 11b). The patterns of aluminum, iron, and manganese differed from the patterns of other trace elements. The variation of manganese loading illustrates the general pattern of these three metals and indicates several locations where manganese load substantially increased and decreased along the study reach ( fig. 12) . The three greatest increases of loading occurred at Burr Fork (314 to 426 m), Blacksmith Hollow (4,805 to 5,112 m), and in four stream segments in Perkins Flat (from 6,274 to 6,939 m). Manganese concentrations were high at 982, 5,125, and 6,939 m, but in the context of loading, the loading in Perkins Flat (6,939 m) was substantially greater than at the other locations ( fig. 12b ). Despite these distinctive increases in load, the source of the manganese, iron, and aluminum is not known. As noted, one possibility could be the release of reduced ground water with higher concentrations of iron and manganese to the stream, and this is consistent with the Perkins Flat loading because of the marshy character of the stream through that area. However, the reduced ground water would not necessarily account for the loading of aluminum. A greater portion of the manganese loading was unsampled load rather than sampled load like some of the trace elements that only have anthropogenic sources (fig. 12b ). This observation and the locations of loading for these elements suggest that their loading is not related to anthropogenic sources. 
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Loading Pattern of Sulfate
The majority of trace elements had loading profiles that were similar to that of calcium ( fig. 10 ), but patterns of sulfate, chromium, copper, lithium, and strontium were distinguished from the main pattern because the greatest loading for these constituents occurred at the end of the study reach, downstream from 10,160 m ( fig. 9b) . If the increase in loads for these downstream segments were a result of water re-emerging after being lost upstream ( fig. 4) , then one would expect the concentrations of most constituents to be similar to stream-water concentrations between 8,092 and 10,024 m ( fig. 5) . On the time scale of this experiment, no bromide would have occurred in any of those downstream inflow samples. But concentrations of sulfate and the trace elements were much higher in samples from inflows at 10,175, 10,541, and 10,633 m than in samples of stream water from 8,092 to 10,024 m (tables 2 and 3), suggesting that discharge from the downstream inflows was not from re-emergent stream water. The stream segment from 10,160 to 10,352 m contained loading from the Emigration Tunnel Spring. The segment from 10,352 to 10,626 m flowed in the culvert, and discharge from Wagner Spring (10,541 m), which is located on the north side of the road across from the culvert, is piped into the culvert (Jeff Nermeier, Salt Lake City Public Utilities, oral commun., 2006). The sulfate concentration in the sample from Wagner Spring, however, accounts for less than half of the sulfate loading in the stream segment ( fig. 13b) , suggesting that there could be additional sources of loading that discharge into the culvert. Downstream from 10,626 m, stream samples were affected by construction and no loading was calculated.
The loading of sulfate has characteristics of the major ions but also illustrates the pattern for this second group of constituents ( fig. 13 ). Although sulfate concentration was nearly constant along most of the study reach, the loading profile indicated distinct locations where sulfate loading occurred. Sulfate concentration in samples from Burr Fork, Brigham Fork, and Freeze Creek was comparable ( fig. 5d ) because all three tributaries drain the same sequence of geologic formations along the north flank of the syncline (Bryant, 1990) . Because those inflows account for the great majority of loading along the study reach down to the Emigration Tunnel Spring, the sulfate concentration remained nearly constant ( fig. 5d ). Sulfate load decreased between 7,931 and 10,024 m as a result of the decrease in discharge through that reach ( fig. 4) , and not as a result of a chemical or biological process because sulfate concentration did not decrease ( fig. 5b ).
Loading Patterns of Nitrate and E. coli
Loading patterns for nitrate and E. coli had little in common with the loading patterns of the major ions or trace elements. Nitrate load increased and decreased at many locations along the study reach, suggesting a dynamic system for nitrate, with uptake of nitrate keeping pace with nitrate loading (fig. 14) . Nitrate load increased substantially between 4,007 and 4,189 m, but no particular source was observed there. Between 6,136 and 6,274 m nitrate load also increased, and this nitrate loading could be associated with the fault in Perkins Flat, similar to loading of other elements already noted ( fig. 1 ). If so, this source would not be associated with septic or animal influences. A second location with substantial loading that has no apparent connection to septic systems is in the segment from 10,352 to 10,626 m, within the culvert. All the inflows that were sampled downstream from 10,160 m had δ 15 N values that are in the range reported for septic systems, but occur in a part of the study reach with no homes (fig. 7b ). The pattern of loading for E. coli is notable for two stream segments that had relatively large contributions between 7,651 and 8,092 m ( fig. 15) . Downstream from 8,092 m, the E. coli load decreased to low levels that had been present along most of the study reach. This decrease in load is likely a result of bacterial attenuation (Willden, 2006) , but it occurs in the part of the study reach where stream discharge decreased, making the detection of attenuation difficult. A few locations contributed small, but measurable loads including the segment that represents upstream sources at 0 m, the segment with Burr Fork (314 to 426 m), the segment from 5,112 to 5,409 m near Pioneer Gulch, and the segment from 6,794 to 6,939 m within Perkins Flat. These same stream segments correspond to the locations where substantial 0 2,000 4,000 6,000 8,000 10,000 12,000 loading of aluminum, manganese, and iron occurred ( fig. 12) . If manganese and iron loading represent aging septic systems, then the correspondence could be explained as faulty systems, but these data only point to the covariance, not to the cause. The loading patterns of nitrate and E. coli were compared to a map of wastewater facility status and age presented in Jensen and others (2003) . The two largest increases in nitrate load occurred where there were no septic systems at all. Others locations of loading were not associated with relatively older septic systems. The greatest loading of E. coli occurred downstream from septic systems that date from the 70s and 80s, one of which has been upgraded since then. Thus, no clear tie to old systems is apparent for nitrate or E. coli loads. 
DISTANCE ALONG STUDY REACH, IN METERS
Summary and Conclusions
The U.S. Geological Survey, in cooperation with the Salt Lake County Department of Public Works, Engineering Division, carried out a mass-loading study in Emigration Creek in northern Utah to identify locations of mass loading for major ions, trace elements, nitrate, and E. coli. The study was accomplished during low-flow conditions when inflows from residential septic systems could most easily be identified. Detailed indications of the loading profiles can help guide planning for improved water quality in Emigration Creek. The mass-loading study successfully indicated locations of major ion, trace element, nitrate, and E. coli loading by using a tracer injection for discharge estimates and synoptic sampling for spatially detailed concentrations profiles. Loading for most constituents was greatest from Brigham Fork, followed by Burr Fork. At the end of the study reach, loading was substantial in the stream segment within a culvert where discharge from Wagner Spring (and possibly other sources) is added to the stream and also in the stream segment that contains discharge from the Emigration Tunnel Spring. Lesser, but relatively important amounts of loading were noted for Freeze Creek, Maple Grove, and Blacksmith Hollow.
Dilution of the tracer indicated locations with the greatest increases in stream discharge. Upstream from Rattlesnake Point, the greatest increases of stream discharge occurred at Burr Fork, Killyon Canyon, Brigham Fork, Maple Grove, Blacksmith Hollow, and Freeze Creek. Increases at Maple Grove, Blacksmith Hollow, and a fault area in Perkins Flat were mostly from diffuse inflow to the stream. A substantial amount of stream discharge was lost downstream from Rattlesnake Point. Near the mouth of the canyon, discharge increased substantially as a result of contributions from the Emigration Tunnel Spring, Wagner Spring, and two unnamed springs in the same area.
Downstream changes in chemical character and loading correspond to several of these locations where stream discharge increased, indicating which of the inflows had the greatest effect on the stream. Geologic sources of solutes are indicated by the loading of most major ions. The most distinct increases from geologic sources occurred at Burr Fork, Brigham Fork, Freeze Creek, Blacksmith Hollow, the fault in Perkins Flat, Emigration Tunnel Spring, and Wagner Spring (within the culvert). A gradual increase in major ion loading occurred between Freeze Creek and Pioneer Gulch. Anthropogenic sources of solutes are indicated by the loading of particular trace elements, and two distinct patterns occurred. Loading of lithium, which should only have anthropogenic sources in Emigration Canyon, indicated that Burr Fork, Brigham Fork, Maple Grove, Blacksmith Hollow, and the Emigration Tunnel Spring were the greatest contributors. The area of gradual increase between Freeze Creek and Pioneer Gulch also contributed substantial loads of lithium. Higher instream chromium concentration also indicated possible anthropogenic sources from Burr Fork and between 8,440 and 8,663 m, downstream from Rattlesnake Point. The loading pattern of manganese differed from that of lithium. Some locations like Blacksmith Hollow and Burr Fork were in common, but other locations were distinct for manganese loading in Perkins Flat.
Loading of nitrate indicated multiple sources, but each increase was followed by a decrease that likely occurred through reactive uptake. The pattern of nitrate loading did not correspond to the patterns of major ions or trace elements. Variation of δ 15 N was consistent, but not definitive with the influence of septic sources of nitrogen. The greatest loading of E. coli occurred in the downstream part of the study reach, near Rattlesnake Point, but smaller loads also occurred in Killyon Canyon, at Burr Fork, and in Perkins Flat. A gradual increase in load occurred from Brigham Fork through Pioneer Gulch. These locations corresponded to some, but not all, of the observed loading of nitrate.
Considering the detailed loading profiles of major ions, trace elements, nitrate, and E. coli together helps indicate many sources along the study reach. Loading of nitrate and E. coli occurred independently from the loading of major ions and most trace elements so it most likely does not represent the well defined geologic inputs. However, no clear tie to older septic systems was indicated by the results. 
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